Microsatellites are ubiquitously present in eukaryotic genomes and are implicated as positive factors in evolution. At the nucleotide level, microsatellites undergo slippage events that alter allele length and base changes that interrupt the repetitive tract. We examined DNA polymerase errors within a [T] 11 microsatellite using an in vitro assay that preferentially detects mutations other than unit changes. We observed that human DNA polymerase kappa (Pol i) inserts dGMP and dCMP within the [T] 11 mononucleotide repeat, producing an interrupted 12-bp allele. Polymerase b produced such interruptions at a lower frequency. These data demonstrate that DNA polymerases are capable of directly producing base interruptions within microsatellites. At the molecular level, expanded microsatellites have been implicated in DNA replication fork stalling. Using an in vitro primer extension assay, we observed sequence-specific synthesis termination by DNA polymerases within mononucleotides. Quantitatively, intense, polar pausing was observed for both pol i and polymerase a-primase within a [T] 11 allele. A mechanism is proposed in which pausing results from DNA bending within the duplex stem of the nascent DNA. Our data support the concept of a microsatellite life-cycle, and are consistent with the models in which DNA sequence or secondary structures contributes to non-uniform rates of replication fork progression.
INTRODUCTION
Approximately 3% of the human genome contains microsatellite DNA sequences, which are present on every chromosome at an average density of $14 000 bp/Mbp (1) . Therefore, repetitive microsatellite DNA comprises a significant component of genome replication that must occur faithfully each cell cycle. Direct sequence analyses of eukaryotic genomes have revealed that the precise composition of microsatellites is heterogeneous, ranging from pure arrays of a single repetitive sequence, to complex arrays containing several types of repetitive units, to arrays that are interrupted by single base changes or insertion/deletion mutations (2) . Sequence variation in common microsatellites has been proposed to have a positive role in evolution (3) , and numerous reports have illustrated the phenotypic (gene expression) effects of microsatellite length variation (4, 5) . Evolutionary models of microsatellites propose that length distributions reflect a balance between expansion or contraction errors and point mutations within the allele (6) . The accumulation of base interruptions has been proposed to break the repetitive array, resulting in death of the microsatellite (7) . Expansion/contraction mutations are generally assumed to occur by slipped strand mispairing (8) , and both in vivo and in vitro data are consistent with microsatellite errors that result in the gain or loss of repeat units (9) (10) (11) .
Microsatellites also have been implicated in genome stability at the molecular level, through functional effects on chromatin organization, recombination and DNA replication (12) . Expanded trinucleotide alleles can adopt non-B DNA secondary structures, thereby causing DNA polymerase pausing in vitro and replication fork pausing in vivo (13, 14) . Replication fork arrest may precede replication fork collapse, resulting in double strand breaks and genome rearrangements (15, 16) . In contrast to the trinucleotide microsatellites, little is known about the biochemistry of DNA replication through the more highly abundant, shorter, mono-and dinucleotide repetitive sequences. Like the trinucleotide repeats, these sequences also have the potential to adopt non-B form DNA structures (17) . We previously observed strong DNA polymerase a-primase (pol a-primase) pauses within a [TC] 20 dinucleotide allele that were caused by triplex DNA formation between the nascent duplex DNA and the ssDNA template during DNA synthesis (18) . The identification of DNA polymerases present at the human replication fork is currently under intense investigation (19, 20) . Current models to explain resolution of stalled replication forks invoke replacement of replicative polymerases or gap-filling behind the replication fork by specialized DNA polymerases (21) (22) (23) . DNA polymerase k (Pol k) has been detected in nuclear foci at a low level in undamaged human cells (24) , suggesting pol k may be active at replication forks. Pol k also is capable of performing efficient extension synthesis from mispaired and misaligned template-primer termini in vitro (25, 26) . Because human polymerases differ significantly in fidelity (27, 28) , the identity of the polymerase(s) synthesizing nascent microsatellite DNA is expected to impact microsatellite stability. In the current study, we investigated the biochemistry and accuracy of pol k during DNA synthesis through mononucleotide alleles. Our mutagenesis studies show that DNA polymerases may influence the evolution of microsatellites by creating base interruptions, thereby rendering the microsatellite sequences more stable. Our DNA synthesis progression studies show that short microsatellites also may inhibit DNA polymerases by forming alternative DNA secondary structures.
MATERIALS AND METHODS

Reagents and vectors
Purified full-length (99 kDa) human pol k was kindly supplied by Dr Zhigang Wang (University of Kentucky, Lexington, KY) or was purchased from Enzymax (Lexington, KY). Purified human pol a-primase complex was purchased from Chimerx (Madison, WI). The 3 0 !5 0 exonuclease-deficient form of Escherichia coli DNA polymerase I large fragment (D424A) was a generous gift from Dr Catherine Joyce (Yale University). Recombinant DNA polymerase b was purified as described (29) . The mononucleotide vectors containing [T/A] 9 (inserted between bases 111 and 112 of the target HSV-tk gene) or [G/C] 9 (inserted between bases 110 and 111) inserts were constructed by cloning products of an oligonucleotide-directed in vitro T7 DNA polymerase reaction as described (30) . Bases flanking the inserts were included as part of the microsatellite region in data analyses when appropriate. Therefore, the total allele length of the microsatellite is always reported. The microsatellite unit located closest to the 5 0 end of the HSV-tk sense strand was denoted as unit 1.
In vitro HSV-tk mutagenesis assay
Linear DNA fragments and ssDNA were prepared and used to construct gapped duplex (GD) molecules, as described (31) , with the following modification. A StuI restriction site was created at HSV-tk position 180, and subcloned into the pSS vector (11) . Restriction enzyme digestion with MluI and StuI and subsequent hybridization to ssDNA creates a hetereoduplex molecule containing an 81 nt gap that encompasses the microsatellite allele, but excludes the majority of the HSV-tk coding sequence. Oligonucleotide-primed ssDNA templates were constructed to initiate DNA synthesis at position 169 of the HSV-tk gene. The in vitro reactions contained 1 pmol of template DNA at 40 nM concentration. Reaction conditions for pol b were as described (11) , except that 10 pmol enzyme were used. Reaction conditions for pol k were as below, except that 8 pmol enzyme were used. To sample reaction products for mutations, small fragments were prepared by MluI and StuI restriction digestion and hybridized to the corresponding GD as described (11, 31) . Successful hybridization to GD was achieved for all reactions, as determined by agarose gel electrophoresis. To select for HSV-tk mutations, an aliquot of DNA from the final hybridization was used to transform recA13, upp, tdk E. coli strain FT334 by electroporation, and plated on VBA selective media (31) . Bacteria harboring HSV-tk mutant plasmids were selected by plating in the presence of 40 mM 5-fluoro-2 0 -deoxyuridine and 50 mg/ml chloramphenicol. The DNA sequence of the HSV-tk gene in the MluI-StuI region of independent mutants was determined as described (11) . Differences in proportions of specific types of mutations were analyzed statistically using Fisher's exact test (two-tailed).
Polymerase pausing
Pausing analyses were carried out as described (18) . Briefly, DNA synthesis templates were created by hybridizing a [g- 32 
P] 5
0 -end labeled oligonucleotide to the appropriate ssDNA at a 1:1 molar ratio. The standard reactions for pol k primer extension contained 25 mM potassium phosphate at the indicated pH, 5 mM MgCl 2 , 5 mM dithiothreitol, 100 mg/ml BSA, 1 mM dNTPs and 200 fmol primer-template. Synthesis was initiated upon addition of 50-100 fmol pol k. Under these conditions, we routinely observe reaction products up to 100 nt or more in length, and the distribution of these products is independent of reaction time. Conditions for the pol a-primase reactions were as described (18) . Analyses to test triplex potential were done analogously, substituting the nucleotide analog, 7-deaza-dATP, for dATP. Quantitation of reaction products was performed using a Molecular Dynamics Phosphorimager and ImageQuant software (Sunnyvale, CA). Total percent extension is the amount of total extended molecules (corrected for percent hybridization and background) divided by this number plus the amount of corrected primer molecules. The percent synthesis termination at a particular nucleotide was calculated by dividing the number of reaction product molecules of that length by the total number of templateprimer molecules extended in the reaction.
RESULTS
Polymerase mutagenesis within a [T] 11 mononucleotide allele
The sequence composition of microsatellites is nonrandom, and in the human genome, poly(dA/dT) mononucleotides are the most abundant class (1, 32) . In this study, we set out to determine mutational mechanisms within mononucleotide alleles using purified human DNA polymerases. We previously developed an in vitro assay to measure DNA polymerase errors within microsatellite alleles, using the HSV-tk gene as a mutational reporter (11) . In the published system, polymerase errors are produced within either an artificial in-frame microsatellite sequence or the HSV-tk coding region, and are detected phenotypically using selective plating of E. coli. In our current study, we modified our existing assay by excluding $100 nt of target template sequence within the coding region in order to improve detection of polymerase errors within the microsatellite allele. Our first modified HSV-tk construct contained an in-frame [T] 11 microsatellite (constructed by inserting a T 9 sequence within an existing TT sequence of the HSV-tk gene). The major types of cellular mutational events at mononucleotide alleles are insertions or deletions of one repeat unit (33) (34) (35) . However, in E. coli, out-of-frame mutations that occur in repetitive poly(dA) or poly(dT) sequences longer than 9 nt can be placed back in-frame by transcriptional slippage during RNA polymerase elongation (36) . In agreement with this phenomenon, we have confirmed that out-of-frame [T] 10 and [T] 19 alleles do not produce an HSV-tk mutant phenotype, whereas an out-of-frame [T] 7 mutant was detectable (data not shown). Thus, our modified mutational assay is biased against detection of one unit changes within our [T] 11 allele, allowing improved detection of non-canonical mutations.
We used this specialized mutagenesis assay to determine the frequency and specificity of errors produced by human DNA polymerases k and ß. For pol k, we observed that the majority of HSV-tk mutants contained errors within the coding region (Table 1) . Thirty percent of pol k errors were found within the [T] 11 microsatellite sequence. Of these, the majority (78%) of errors observed are insertion of a dGMP or dCMP residue within the [T] 11 microsatellite sequence (Table 1) , corresponding to an error frequency of 5.6 Â 10 -4
. The pol k insertions are not evenly distributed throughout the microsatellite allele, but primarily occur midway during DNA synthesis, between positions T6 and T7 or between T7 and T8 ( Figure 1 ). These alleles produce new out-of-frame microsatellite loci (for example, T 6 GT 5 ) that are detectable mutants. DNA synthesis by pol b produced a higher proportion of errors (40%) within the [T] 11 microsatellite sequence, relative to pol k. In contrast to pol k, however, the majority of pol b mutants are either deletion of one T nucleotide within the microsatellite allele (detected as a multiple mutation) or complex errors involving a T deletion within the microsatellite (see legend to Figure 1 ). Only 12% of pol ß microsatellite errors are non-iterative base insertions, corresponding to a frequency of 1.8 Â 10 -4 (Table 1) . Thus, pol k and pol b show a statistically significant difference in the proportion of insertion errors within the microsatellite (P < 0.0001, Fisher's exact test). The mutational specificity difference between the polymerases is specific to the microsatellite region, as the two polymerases produce a similar proportion and type of frameshift errors within the coding region (P = 0.77, Fisher's exact test) ( Table 1) .
DNA synthesis termination within a [T] 11 mononucleotide allele
In addition to nucleotide sequence changes that result in allelic polymorphism, microsatellite sequences can adopt non-B DNA forms that inhibit DNA synthesis. To examine whether DNA synthesis is inhibited within short mononucleotide alleles, we quantitated pol k pausing within the [T] 11 sequence using an in vitro primer extension assay under standard reaction conditions of 308C and pH 7.0 ( Figure 2 ). Termination profiles were determined empirically using enzyme to template ratios that limit polymerase rebinding to previously extended DNA products. For example, we observed 16% total primertemplate extension after 30 min (lane 4) and this distribution is independent of time (lanes 2-5). Similar results were obtained for total percent extension values between 5 and 40%; therefore, comparisons of subsequent quantitative analyses within the 5 0 -[STR]-3 0 templates were made using reactions with a percent extension within this range. For microsatellites within the complementary strand, we note that a higher total percent extension by pol k is necessary to achieve enough synthesis through the microsatellite for quantitative analyses, as shown previously for pol aprimase (18) .
The percent synthesis termination was quantitated for each nucleotide within the [T] 11 microsatellite ( Figure 2C ). The overall mean percent termination for the 11 nt within this microsatellite was 2.40 AE 0.43 (Table 2) . A template position was considered a polymerase pause site if the percent synthesis termination for that residue was 1 SD above the mean of all microsatellite sites (shown as a continuous line in Figure 2C ). We observed two prominent pol k pauses at the 3 0 end of the nascent strand, at residues T2 and T3. The sites of intense pausing (Figure 2) are not related to the sites of non-iterative base insertions (Figure 1 ). To examine whether the pronounced pausing within poly(dT) microsatellite sequences is polymerasespecific, we also examined pausing by the replicative polaprimase complex under its standard reaction conditions of 378C and pH 7.5. A polar pausing pattern again was observed for pol a-primase synthesis. Pol a-primase displayed a mean percent termination per nucleotide of 4.78 AE 0.88, $4-fold greater than pol k at a similar reaction temperature of 358C (Table 2) . Although reaction conditions were not identical, termination by polaprimase within residues T1 through T5 was 5-9-fold more intense than was pol k ( Figure 3C ).
Mechanism of polar pausing within the [T] 11 microsatellite
Poly(dA/dT) sequences have the potential to form intermolecular triplexes in vitro (37). We directly tested whether intramolecular triplex DNA structures were involved in polar pausing. The high pol k termination probability within the [T] 11 allele was not affected by lowering the reaction pH to 6.5 (Table 2) , or by replacing dATP with 7-deaza-dATP ( Figure 2D , Table 2 ). The enhanced termination observed upon addition of 7-deaza-dATP is consistent with published reports showing a decreased catalytic efficiency for incorporation of 7-deaza-dATP, relative to dATP, by pol k (38). We observed strong, polar pauses at T1 and T2 by exonuclease-deficient Klenow polymerase; the pauses were somewhat reduced, but not eliminated, by addition of deaza-dATP (Supplementary data, Figure S1 ). We next examined whether the pol k pause sites are temperaturedependent. We observed a 5-fold decrease in overall pol k termination within the [T] 11 allele as the reaction temperature was increased from 308C to 408C (Table 2) , and the strong pause sites at positions T2 and T3 were eliminated at the higher reaction temperature ( Figure 4A ). Site-specific quantitation revealed that the percent synthesis termination decreased 9-15-fold as the temperature increased from 308C to 408C ( Figure 4B ). (Table 2) . We also calculated the termination probability (39) within each allele in order to control for potential differences in the extent of polymerase termination within sequences prior to the microsatellites. (Table 2) .
DISCUSSION
Production of mononucleotide interruptions by DNA polymerases
We used a specialized microsatellite mutagenesis assay to determine the frequency and specificity of DNA pol k and pol b errors within a [T] 11 microsatellite. Strikingly, we observed that pol k microsatellite errors involved the insertion of a dGMP or dCMP residue approximately midway within the [T] 11 microsatellite sequence (Figure 1 ). These insertion events were specific for pol k, as they were observed infrequently with pol b, and for the microsatellite, as pol k did not produce such insertions within the downstream HSV-tk coding region (Table 1 ). These results demonstrate that DNA polymerases in vitro can directly create interrupted alleles from a pure microsatellite. Interrupted microsatellite alleles have been identified in phylogenetic genomic comparisons and may be responsible for microsatellite allele shortening (40) . For example, a single base interruption of a poly(dT) locus was observed among primates lineages that produced a monomorphic, interrupted allele from a polymorphic, pure allele (41) . In yeast, base interruptions of microsatellites result in increased genetic stability, relative to pure alleles (42) . We suggest DNA synthesis by pol k will promote mononucleotide stability because a major type of error it produces (interruptions) within the microsatellite are protective mechanistically. DNA polymerase production of interrupted alleles occurred primarily through insertion of a non-iterative base within the repetitive microsatellite sequence, rather than by a base substitution mutation within the allele (Figure 1 ). Insertion of a non-iterated base within a repetitive sequence is extremely unusual in the literature of DNA polymerase fidelity, but has been occasionally detected by pol z (43), pol (44) , pol Z (45) and by pol ß using a damaged DNA template (46) . Polymerase onebase insertion errors typically involve the insertion of the same nucleotide within a repetitive DNA sequence, or insertions of a base within a non-repetitive sequence (27) . Several mechanisms for the in vitro production of misalignment-mediated DNA synthesis errors by purified DNA polymerases have been described (27, 28) . Deletions at non-iterative sequences have been proposed to be initiated by mispairing, followed by a template-primer misalignment. We propose that the pol k dGMP insertions within the [T] 11 microsatellite are initiated by formation of a T-dCMP mispair. Previous fidelity studies of pol k have shown that the most frequently formed base substitution by pol k is a T ! G error, consistent with a high rate of T-dCMP mispairing (47, 48) . The highly repetitive nature of the [T] 11 template sequence may facilitate rearrangement of the nascent DNA containing the dCMP to a misaligned intermediate by slippage elsewhere in the repetitive tract. In support of this model, we observe single T!G base substitutions within the microsatellite allele, which is the expected outcome in the absence of the misalignment step. An alternative model to explain the production of insertion mutations is transient misalignment (27) , in which the primer strand relocates from position T6-T10 (the point of insertion) to position T1, with a concomitant template loop out of 4-8 bases. In this model, the dCMP insertion is templated by the G at position 110, followed by realignment of the primer strand. These two models can be differentiated experimentally by examining the effects of 5 0 sequence context on the specificity of interruptions. Importantly, either model proposes that strand slippage within the repetitive microsatellite is involved in the production of interrupted alleles.
DNA structure and polymerase pausing
The study of replication dynamics through common microsatellite sequences and the key polymerases involved is crucial for understanding genome stability. We previously reported that the extent of DNA synthesis termination by the replicative, four subunit DNA pol a-primase complex within microsatellite sequences is unique for each microsatellite allele examined (18) . Strong DNA pol a-primase pause sites within a [TC] 20 allele were caused by triplex DNA formation between the nascent DNA primer-template duplex and the downstream template. We have observed strong, triplex-related pause sites for termination by pol k within the same [TC] 20 allele (data not shown). To explore the generality of DNA structure-induced polymerase pausing within common microsatellites, we examined termination within mononucleotide sequences. We observed intense, polar pause sites within a [T] 11 allele during DNA synthesis by both pol k and pol a-primase (Figures 2 and 3) . However, we continued to observe the prominent [T] 11 polar pause sites in the presence of 7-deaza-dATP (Figures 2 and S1) . Therefore, the strong pause sites within the [T] 11 allele do not result from intramolecular triplex DNA formation. We considered whether the conformation of the duplex primer stem formed during DNA synthesis through the microsatellite could affect polymerase termination. Poly(dA/dT) sequences are associated with altered DNA flexibility and the formation of bent DNA (49) . A unique feature of bent DNA structure is that the tract displays a polarity, with the minor groove progressively narrowing from the 5 0 end to the 3 0 end of the track (50, 51) . DNA bending is also temperature dependent (52) . Both of these features, polarity and temperature-dependence, were observed for the pol k pause sites within the [T] 11 template (Figures 2 and 4) . Moreover, the cooperative unit for bending is $5 bp, and regions of uniform bent structure are observed in tracts longer than 7 bp (50,51). The major polymerase pause sites at T3 and T2 would correspond to a primer duplex stem length of eight and nine T-A basepairs, respectively. We propose that the observed pause sites within the [T] 11 template result from structural changes to the duplex primer-template stem that disrupt polymerase-DNA interactions. Bent DNA displays a gradual shortening of the N3T-N1A hydrogen bond (51) , and DNA polymerases utilize hydrogen bonding with minor groove acceptor sites to position the DNA primer stem within the active site for catalysis (53) . Alternatively, bent DNA formed within the duplex primer stem may affect polymerase DNA affinity during synthesis. If the bent DNA model is correct, then we must also conjecture that the nucleotide composition of the nascent DNA strand directly affects the biochemical properties of the duplex stem, because we observed less pausing within an [A] 11 allele in the same sequence context ( Table 2) . We note that along the [A] 11 tract, a pause site is observed at position A1, at the very 3 0 end of the allele. Possibly, the degree of duplex primer-stem bending is reduced or occurs with a longer phasing for the A template -T primer sequence, relative to the T template -A primer sequence. Further experimentation is needed to fully test this model.
The rate of replication fork progression is not uniform through the eukaryotic genome (54, 55) , and replication fork stalling can be observed under non-stressed conditions (14) . Previously, we proposed that the strong strand bias for pol a-primase termination within di-and tetranucleotide alleles may lead to a non-uniform rate of lagging strand DNA synthesis. The new results reported here for intense DNA polymerase pausing within poly(dT) sequences demonstrate that the inhibition of DNA synthesis within common microsatellites is sequencespecific. Thus, primary DNA sequence and accompanying DNA structural changes may be a factor contributing to nonrandom replication fork movements observed in vivo. In addition, the rate of replication fork progression through microsatellites will be controlled by the identity of the active polymerase, as we have shown that polaprimase termination at the [T] 11 allele is much more intense than is pol k termination ( Figure 3C ).
CONCLUSION
The human genome contains an abundance of poly (dA/ dT). Unit-length changes in microsatellite alleles can impact gene expression, and microsatellites are under selective pressure during evolution. The primary mutational mechanism at microsatellite alleles has been shown to be DNA polymerase slippage. We report here a very unusual mutational spectrum of non-canonical base insertion errors produced in vitro by DNA polymerases, particularly pol k, within a [T] 11 allele. These errors effectively interrupt the microsatellite sequence, and may be a mechanism whereby microsatellites are stabilized in the genome. We have previously reported the production of both canonical (unit-length) and non-canonical errors within di-and tetranucleotide repeats during in vitro DNA synthesis by DNA pol b (11). The non-canonical errors observed include single base deletions or complex base substitution and deletions, all of which produced interrupted alleles from pure microsatellites. Our in vitro data for DNA polymerases demonstrate the highly dynamic nature of microsatellite mutagenesis, in that not only the length but also the homogeneity of the microsatellite is in continual flux. In support of the concept of a microsatellite life-cycle (7), we have observed directly the creation of polymorphic, common microsatellite alleles through expansion and contraction errors of unit length. Conversely, as reported here, we have observed the death of common alleles through base interruption errors that create shorter, interrupted alleles.
